Introduction
The resilience of closed-crown coniferous stands within the boreal forest of North America is highly dependent on successful natural regeneration following fire (Coté et al. 2013 ). The two most common tree species within this biome, jack pine (Pinus banksiana Lamb.) and black spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.) , are generally well adapted to this common, widespread and semi-random disturbance, with stands typically regenerating to a similar density as existed prior to disturbance, thereby maintaining a steady-state self-replacement dynamic over time (Johnstone et al. 2010; Greene and Johnson 1999) . Intrinsically linked biotic and abiotic constraints can however limit re-establishment success, thereby altering the trajectory of succession (Johnstone et al. 2010) . These are seed production and viability, seed predation, germination rate, fire severity, and temporal span between two successive disturbance events (Desjardins 2016; Cote et al. 2013; Pinno et al. 2013; Girard et al. 2008; .
The recruitment period of jack pine and black spruce occurs within the first six years following fire, during which the vast majority of seeds from both species are abscised from the aerial seedbank (Greene et al. 2013) . Most research on recruitment potential following disturbance has focused on pre-fire seed production and tree growth as a function of age, site productivity, and climate/latitude (Van Bogaert et al. 2015a,b; Greene and Johnson 1999; Rudolph and Laidly 1990; Viereck and Johnston 1990) , and indirectly, seed viability as a function of crown fire severity (Pinno et al. 2013 ). Ground fire severity (depth of burn), which is generally controlled by fuel availability, soil moisture content, pre-fire organic layer depth, and the timing of fire occurrence within the fire season (Terrier et al. 2014 (Terrier et al. , 2015 Greene et al. 2007 Greene et al. , 2006 Miyanishi and Johnson 2002) , will determine the availability of suitable seedbeds such as exposed mineral soil, a thin organic layer, or residual moss cover (Greene et al. 2006 (Greene et al. , 2004 Charron and Greene 2002; Johnson 1998, 1999; Sirois 1993) . Water stress and extreme temperatures typical of recently burned areas will further limit tree recruitment through the desiccation of newly established individuals (Moss and Hermanutz 2009; Hogg and Hurdle 1995; Hogg 1994; Black and Bliss 1980; Viereck and Foote 1979) .
Open lichen-spruce woodlands can be observed throughout the Canadian boreal forest (Rowe 1972) . As described by Côté et al. (2013) , Girard et al. (2008) , Payette and Delwaide (2003) , and Payette et al. (2000) , a short time period between successive disturbance events can reduce the natural regeneration potential of conifer species, leading to an alternative stable state, marked by a shift from closed-crown forest to open lichen woodland, especially on well-drained soils. Although possible, reversion back to dense closed-crown forest has not been observed in the field (Girard et al. 2008; Jasinski et Payette 2005; Coxson and Marsh 2001; Kershaw 1977 Kershaw , 1978 Maikawa and Kershaw 1976) . If reversion is achieved, it is the result of canopy expansion, and the subsequent replacement of lichens by feather mosses (Coxson and Marsh 2001; Morneau and Payette 1989; Foster 1985) , since overhead cover will decrease light, thereby reducing lichen cover and increasing moisture (Root and McCune 2012; Coxson and Marsh 2001; Foster 1985; Kershaw 1977; Rouse and Kershaw 1971; Fraser 1956 ).
Little attention has been given to the development of crustose lichen mats following fire and their effects on ongoing natural recruitment during early successional stages of stand development. Continuous lichen cover has been shown to limit pine and spruce regeneration and growth, thereby maintaining open lichen-spruce woodlands (Pacé 2017; Houle and Filion 2003; Morneau and Payette 1989; Foster 1985; Cowles 1982; Hustich 1951; Ahti 1959; Allen 1929) , however these studies focused on Cladonia spp. which dominate at a later successional stage. Lichen woodland communities are often concentrated on sandy well-drained soils (Jasinski et Payette 2005; Payette et al. 2000; Johnson and Miyanishi 1999; Oksanen and Ahti 1982; Kershaw 1977 Kershaw , 1978 Ahti 1959; Fraser 1956 ), where limited soil moisture and organic matter result in high surface temperatures. Such dry conditions are suitable for lichen colonization, but limit establishment and competition from other species (Sedia and Ehrenfeld 2003; Brulisaueret al. 1996; Kershaw 1977; Lambert and Maycock 1968) .
The crustose lichen Trapeliopsis granulosa (Hoffm.) can form a continuous dense crust within the first twenty years following disturbance (Hugron et al. 2011; Morneau and Payette 1989) . As observed by Morneau and Payette (1989) , colonization of T. granulosa begins roughly 5 years following fire, with maximum cover occurring by 14 years. It is then gradually transitions to dominance by Cladonia spp. 25 years following fire, as observed by Morneau and Payette (1989) and Foster (1985) , see also Kershaw (1977) . T. granulosa is typically found on acidic soil, peat or rotting wood, including recently burned substrates, and is considered an important colonizer of bare soil and charred wood (McMullin and Anderson 2014; Brodo et al. 2001; Purvis et al. 1992; Foster 1985) .
The objectives of this study are threefold: 1) to determine how the cover of T. granulosa is influenced by biotic and abiotic site characteristics; 2) in a laboratory experiment, to determine the establishment rate of jack pine on samples of the crustose lichen T. granulosa, and compare it to establishment on mineral soil and burnt duff; and 3) to discuss how its presence may help maintain open lichen woodlands in the Canadian boreal forest.
Methodology

Study area
Our study area was located in the Lake Matagami lowland ecological region (6a), situated in the western portion of the spruce-moss bioclimatic domain within the managed continuous boreal forest of western Quebec (Canada). This region is characterized by a sub-polar sub-humid continental climate, with total annual precipitation ~825 mm, and an average annual temperature of 0 °C at the southern limit. Growing season length is approximately four to five months (Bergeron et al. 1998) . Typical surficial deposits include glaciolacustrine clays and sands, glacial tills, glacio-fluvial complexes, and organic surficial deposits (Bergeron et al. 1998; Blouin and Berger 2005) .
We examined sites found within three forest fires occurring between 1995 and 1998 ( Fig. 1) , situated along the boundary between the southern limit of the western spruce-moss and northern limit of the western balsam fir-white birch bioclimatic domains (Bergeron et al. 1998; Blouin and Berger 2005) .
The Selbaie fire was located in northwestern Quebec 100 km north of the town of La Sarre (49°58´N, 79°18´W). Ignited by lightning on June 6 1997, it burned 18 319 ha of forest before being extinguished by rain on July 8. The Wedding fire was located in northwestern Quebec 21 km north of the town of Lebel-sur-Quevillon (49°13´N, 76°53´W). Ignited accidentally on May 16 1998, it burned 4130 ha of forest before being extinguished by rain on June 16. The Cuvillier fire was located in 36 km east of the town of Lebel-sur-Quevillon (48°48´N, 76°35´W). Ignited accidentally on August 16 1995, it burned 47 709 ha of forest before being extinguished by rain on October 20.
Two sites per fire, for a total of 6 sites dominated by black spruce and/or jack pine were sampled in the summer of 2016 within these three burned areas, with site selection limited to those areas where T. granulosa was present. Within all sampled sites, 100% tree mortality occurred as a result of fire, and five of the six sites were salvage logged. Additional site details can be found in Tables 1 and 2 . The dominant lichen was T. granulosa, a verrucose lichen with a greenish white Within each site we established a single randomly located transect composed of ten 4 m 2 circular micro-plots spaced 10 m apart. Within each micro-plot we recorded the stem density of black spruce and jack pine (to determine stand density and stocking), and the percent cover of the forest floor in the following categories: T. granulosa, other lichen species, ericaceous species, feather mosses, Sphagnum mosses, dead wood, duff, and exposed mineral soil. The sum of these different categories could exceed 100%, since some were superimposed on others. Additionally, one measurement of the thickness of T. granulosa was recorded at the closest point to center of each micro-plot, as well as the depth of the organic layer to the underlying surficial deposit, measured at the center of each micro-plot. The surficial deposit type, mean organic layer depth, and indicator plant species were then used to determine site drainage, which ranged from moderate to excessive.
We removed four 1 m 2 samples of T. granulosa and 100 kg of mineral soil from four of the six sites (Sites 1,3,5,6) representing the three fires, to be used in germination trials in the laboratory. T. granulosa samples were underlain by either burnt duff or mineral soil. In site 1, where burnt duff was present under all samples, we carefully removed the overlying T. granulosa and then also removed the duff itself. The burnt duff had a thickness of 6-9 cm. The mineral soil from all 4 sites was sample to a depth of 30 cm and then mixed together in the laboratory.
Jack pine germination and survivorship trials were conducted in the greenhouse at the Université du Québec à Montréal under controlled temperature, light, and humidity levels over a period of three months, reflecting the prime recruitment period of the year (June-August) for conifer species within our study area.
A total of 40 6-inch deep (24 × 36 inch) terraria were used for the experiment. Each terraria had holes drilled into the bottom, followed by a sheet of weed-barrier, and 3 inches of mixed mineral soil taken from the sites to allow for adequate drainage. Lichen samples obtained from each of the four sites were divided into eight 0.5 m 2 sections, yielding a total of 32 sections. Each section was then placed on top of the mineral soil in the terraria. This process was repeated for the burnt duff samples removed from site 1, yielding four sections. A mineral soil only treatment was also included, yielding the final four sections. Consequently there were 40 terraria: 32 with lichen, four with burnt duff and four with mineral soil.
Jack pine seeds were obtained from the Berthier forestry seed center, Ministère des Forêts, de la Faune et des Parcs branch of the Quebec provincial government. They had a laboratory tested germination rate of 96%. Using a dial seed sower, 20 seeds were sown at a minimum spacing of 3 cm directly on the substrate in each terrarium (crust, burnt duff, or mineral soil). Seeds were placed on the surface of each substrate in order to reflect the conditions of natural dispersal. The influence of two separate watering regimes on seed germination and survivorship was tested. Rainfall and temperature data was obtained from the Val d'Or weather station, located at a mean distance of 153 km from all three fires sampled (115 km Min., 200 km Max.). This weather station was selected because it was the closest with a continuous record of data for the 30-year reference period, and was therefore used as a proxy for climate within our study area. Daily maximum, minimum, and mean temperature, as well as the mean precipitation amount per rainfall event, and mean days between rainfall events were calculated for the months of June to August (Table 3 ). This time period was selected to reflect the typical natural germination period of small-seeded conifers such as jack pine (Splawinski et al. 2014; Gauthier et al. 1993) .
Half of the terraria (i.e. four lichen terraria representing each of the four sites (16 total), two burnt duff, and two mineral soil terraria) were subjected to a "baseline" watering treatment, representing mean precipitation frequency and amount observed at the Val d'Or weather station over the 1986-2016 reference period (2.6 days between watering events and 5.4 mm per watering), while the other half was subjected to the "drought" treatment, where we doubled the period between rain events (5.2 days) but maintained the same amount per rain event (5.4 mm) ( Table 3) .
The temperature within the greenhouse was changed four times a day for a period of six hours. We used the mean maximum temperature as the daily high (23 °C), and the mean average temperature (16 °C) as the daily low for both the baseline and drought treatments. Humidity was maintained at a constant rate (60%).
Lighting was provided by GE Lucalox 400 Watt Electronic Bulbs (LU750/400 PLS/T40 400, Nominal lumen = 48 000), suspended from the ceiling, approximately ten feet above the terraria. The lights were set on a timer to provide 12 hours of light daily from 7 AM until 7 PM.
All terraria were monitored for germination twice a week over a period of three months, and to ensure proper control measures. At the end of the three-month experiment, the total number of surviving seedlings was determined for each terrarium, thus providing us with an indicator of establishment potential.
Statistical analyses
Principle component analysis (PCA) was used to visualize the relationship between T. granulosa cover, other lichen cover, ericaceous shrub cover, moss cover, mineral soil cover, dead wood cover, duff cover, rock cover, organic layer depth, and tree density. The difference in T. granulosa thickness between sites was tested with an ANOVA.
To study the effect of substrate type (mineral soil, burnt duff, and lichen from each of the four sites sampled) on the survivorship frequency we used a frequency table analysis (Chi 2 ). Survivorship data from the four replicate terraria of T. granulosa were lumped for each site, as were the two replicate terraria (each) of burnt duff and mineral soil. A α-value of 0.05 was used for all statistical analyses. 
Results
Field survey data
T. granulosa had a positive relationship with mineral soil cover, and a negative relationships with duff cover, ericaceous shrub cover, organic layer depth, other lichen cover, and Sphagnum moss cover as indicated by the principal component analysis. There was no discernable relationship between T. granulosa and tree density, rock cover, dead wood cover or other moss cover. The first axis explains 28.37% of the total variance, and the second explains 15.39%, for a total of 43.77% (Fig. 4) . No significant differences in T. granulosa lichen thickness (R 2 = 0.17; F-value = 0.0607) were observed between sites.
Fig. 4. Principal component analysis illustrating the relationship between
Trapeliopsis granulosa cover, other lichen cover, ericaceous shrub cover, moss cover, mineral soil cover, dead wood cover, duff cover, rock cover, organic layer depth, and tree density. Axes 1 and 2 have a combined explanation power of 43.77%.
Jack pine germination and survivorship trials
Germination began within the first week, with most germinants having emerged by the end of the second week. Following the three-month trial period, jack pine survival was highest on burnt duff with no significant differences observed among the other substrates (Fig. 5) . Under the drought treatment, no seedlings survived on any of the substrates (mineral soil, burnt duff, lichen) at the end of the three-months trial period (not shown).
Discussion
Abundance of Trapeliopsis granulosa
Lichen species most often colonize well-drained upland sites with thin organic layers where exposed mineral soil tends to be common following fire (Roturier et al. 2007; Jasinski and Payette 2005; Payette et al. 2000) . For most lichen species, establishment will occur within the first five to fifteen years following fire (Morneau and Payette 1989) . However, the absence of T. granulosa and other lichen species in young stands does not necessarily imply poor establishment conditions, but could be the result of a lack of spores or algal partner. Therefore, we limited site selection to those that contained varying degrees of T. granulosa cover (Table 2 ) in order to assess factors influencing its abundance. The PCA indicated that T. granulosa abundance was positively correlated with exposed mineral soil cover. Conversely, negative relationships were observed with organic layer depth and Sphagnum moss cover, which is not surprising given that an increase in both of these factors is linked to poorer site drainage. No discernable relationship between T. granulosa and rock or dead wood cover was observed, substrates that this lichen species is able to colonize. Direct competition for resources and space from other lichen species and ericaceous shrubs appeared to limit T. granulosa abundance. The latter has an advantage since asexual regeneration and growth occurs rapidly following natural disturbance, especially in open conditions (Morneau and Payette 1989; Bunnell 1990) . Ericaceous shrubs therefore have the capacity to not only limit resources and space, but light availability as well. Similarly, the accumulation of duff from shed leaves and other organic material inhibit lichen abundance, as indicated by the PCA. Lichen cover tends to be inversely proportional to tree density, since forest cover significantly reduces light availability while promoting moss establishment due to increased moisture (Boudreault et al. 2013; Root and McCune 2012; Coxson and Marsh 2001; Foster 1985; Kershaw 1977; Rouse and Kershaw 1971) . Jack pine can exhibit very high natural regeneration densities following fire (Bella 1974; De Groot et al. 2004) , reaching up to 200 000 stems ha -1 (Splawinski et al. Unpublished) , however densities observed in the field are highly variable. From a forest management perspective, a natural seedling density of roughly 1 stem m -2 (10 000 stems ha -1 ) is considered adequate to fully re-stock a stand (Splawinski et al. 2014; Greene et al., 2002) . When natural regeneration is insufficient, conifer plantations are typically established at a density of 2000 stems/ha (Thiffault et al. 2013 (Thiffault et al. , 2003 .
We did not observe a relationship between tree density and T. granulosa abundance. In all of our sampled sites, total lichen cover (all species lumped together) was high, ranging from 56 to 76% (Table 2) . Stand stocking was highest in planted sites, but overall tree densities from 5 of the 6 sites were relatively low (250-2500 stems ha -1 ). The exception was site 6, which had a tree density of 4000 stems ha -1 (Table 2) , however most of these stems did not originate from the establishment phase following fire, but through subsequent recruitment from sexually mature individuals originating from the first cohort, and less likely, through long distance dispersal from an adjacent stand. Interestingly, not one of these recruits was found on lichen. Instead, they were primarily concentrated on living sphagnum and to a lesser extent on duff. Although we did not measure tree height, which is mainly influenced by site productivity (Rudolph and Laidly 1990; Viereck and Johnston 1990) , ample sunlight was available in all sites throughout the understory due to wide spacing between trees and small crowns.
Our sites were sampled between 18 and 21 years following fire (Table 1) . According to the lichen-moss successional stages outlined by Coxson and Marsh (2001) , Morneau and Payette (1989), and Foster (1985) , these stands are still in the earliest stage (approximately <25 years), with the surface dominated by crustose lichens and moss. The presence of young Cladonia spp. and to a far lesser extent, reindeer lichen indicates that progression to next stage has begun. Morneau and Payette (1989) observed rapid expansion by lichens and ericaceous shrubs following fire. Similar to their results (at 23 years following fire), all of our well and excessively drained sites were dominated by lichens, followed by ericaceous shrubs. Our moderate to well-drained sites (sites 3 and 6) had almost equal cover of lichens and shrubs.
Establishment trials
Under the baseline scenario, burnt duff was found to be the best seedbed, whereas T. granulosa and mineral soil were very poor. Although we expected low establishment potential on lichen, the mineral soil results were unexpected as mineral soil is typically considered a good quality seedbed for the establishment of small-seeded conifer species such as jack pine and black spruce (Greene et al. 2004; Charron and Greene 2002; . We believe that this may be due to two reasons: 1) that mineral soil and burnt duff characteristics have changed over the 18-21 years since fire, and may have been further altered due to the development of overlying lichen cover, and 2) due to the thermal and moisture conditions within the greenhouse itself, an argument also proposed by Pacé (2017) , who likewise observed higher germination and survival on lichen (Cladonia spp.) than mineral soil.
Direct unfiltered light 12 hours daily, and a short (5 minutes) but heavy (5.4 mm) watering period may have led to higher rates of evaporation and drainage on exposed mineral soil due to a lack of overlying cover (duff or lichen). Although not directly quantified, almost all seeds on mineral soil under the baseline scenario germinated, however each succumbed to desiccation shortly after. Thus, there was adequate moisture to stimulate germination, but not enough to ensure survival.
Although likely due to the above-mentioned factors, these results indicate that mineral soil may not always be a good seedbed, especially if it is found in xeric sites with excessive drainage. Indeed, Gagnon (1966) observed significantly greater germination of black spruce on the crustose lichen Lecidea granulosa (Enrh.) versus on mineral soil, which was attributed to the water retention capacity of lichen cover. If established early enough, it was argued that this lichen might improve establishment of black spruce (Kershaw 1977; Gagnon 1996) . Although we did not observe significantly greater establishment on T. granulosa than on mineral soil, the former was higher (5%-7.5%) than the latter (0%). Under projected climate change, xeric sites may become more susceptible to regeneration failure due to prolonged and more frequent drought (Peng et al. 2011) . Our results from the drought treatment, where no survivorship was observed on any substrate, provide further proof that water stress plays a primary role in initial establishment (Moss and Hermanutz 2009) .
During germination trials, although the upper surface of T. granulosa dried quickly, the underlying mineral soil remained moist for extended periods of time, a phenomenon also observed by Fraser (1956) on Cladonia mats in Quebec (see also Kershaw 1977), and Pacé (2017) in greenhouse experiments. We believe that the upper surface of T. granulosa inhibited germination by drying rapidly, and presented a barrier to penetration by those individuals that were able to germinate, leading to desiccation before the radicle could reach the underlying moist mineral soil (Foster 1985; Allen 1929) . Another inhibitory effect, allelopathy, has been shown to limit germination (Ramault and Corvisier 1975) , however this was not examined in our study.
It has been suggested that lichen mats may potentially be good substrates for establishment (Kershaw 1977) if seeds fall within cracks between lichen cover (Sirois 1993) . Interestingly, although no surviving individuals were recorded following the trial period under the drought treatment, two seeds that fell off one of the crust samples and onto the underlying mineral soil when sown, germinated and survived through to the end of the trial period. This was certainly due to moisture retention and shade in the underlying soil.
The role of lichens in limiting ongoing recruitment
Low initial tree densities explain how closed forests could transition to open lichen woodlands, but do not explain how they are maintained in the long-term. Lichen colonization typically begins 5 to 10 years following fire (Hugron et al. 2011; Morneau and Payette 1998) . Therefore it could not explain the initial poor recruitment of conifers following fire, since the recruitment period of black spruce and jack pine is typically limited to the first 6 years following disturbance, when the vast majority of seed abscission occurs in both species (Splawinski et al. 2014; Greene et al. 2013) . Poor initial recruitment densities would most likely be the result of a combination of factors, including poor seed production due to the age of pre-fire trees or site productivity, poor seed viability due to high fire severity, or a low germination rate due to a lack of suitable seedbeds and water stress.
Ongoing recruitment beyond the initial post-fire establishment phase is possible once jack pine and black spruce attain sexual maturity (Gauthier et al. 1993; Viereck and Johnston 1990; Morneau and Payette 1989; Foster 1985) . Long distance dispersal from adjacent mature stands can also potentially improve stand density, but it declines rapidly with distance from seed source (Greene and Johnson 1996 , 1993 Foster 1985) . However, the establishment of extensive lichen cover and exclusion of suitable microsites could effectively limit any such ongoing recruitment (Houle and Filion 2003; Morneau and Payette 1989; Foster 1985; Cowles 1982; Fisher 1980 Fisher , 1979 Hustich 1951; Ahti 1959) , thereby maintaining low stand density. In regions with short fire cycles and/or dry upland sites, low stand densities could translate into the long-term maintenance of open lichen woodlands (Morneau and Payette 1989) .
Management implications
Afforestation of open lichen woodlands has yielded positive results Hébert et al. 2014; Tremblay et al. 2013) , and may be a useful management tool in reverting forests back to closed cover. As pointed out by Rapanoela et al. (2015) and Van Bogaert et al. (2015b) however, it may not be a suitable option for northern boreal woodlands due to climatic constraints on tree growth and fire risks.
Although a relatively poor seedbed for germination, extensive stand cover of T. granulosa and other crustose lichen species may reduce the effects of drought for established individuals by maintaining soil moisture for a prolonged period of time (Kershaw 1977) . This may make plantations a viable option for the afforestation of open lichen forests, since individuals would be planted directly into the underlying mineral soil, which would be especially beneficial in excessively or well-drained sites where water stress is common.
Under typical plantation densities, eventual canopy expansion and closing would shift ground cover from lichen to moss (Morneau and Payette 1989) . Tree growth rates, however, may be reduced by the presence of significant lichen cover due to allelopathy, reduced nutrient availability, changes in the root ectomycorrhizal community, and cooling of soil beneath the lichen mat (Pacé 2017; Foster 1985; Arseneault 1979; Fisher 1979; Kershaw 1977; Brown and Mikola 1974) . This may extend the time period necessary to attain canopy closure (Kershaw 1977) , thereby delaying the return to closed forests, which may prove problematic in regions under a short fire cycle. It is important to note however, that these studies focused on Cladonia spp. only, which tend to appear at a later in stand development (Coxson and Marsh 2001; Morneau and Payette 1989; Foster 1985) . In sampled sites with planted stock, we observed modest tree growth. These plantations were established 1-2 years following fire, and were therefore presumably able to develop sufficiently prior to widespread lichen colonization.
More research is required on the establishment dynamics of T. granulosa following fire and its impact on tree recruitment prior to extensive colonization by Cladonia spp. Potential inhibitory effects on tree growth due to extensive T. granulosa cover, similar to that observed in Cladonia spp., should also be assessed. In order to currently avoid such risks, a proactive approach can be taken, where sites with poor regeneration following fire and at risk of being colonized by extensive lichen cover are identified and planted quickly following disturbance.
Conclusion
Survival and establishment rates of jack pine were low on all substrates examined under the baseline treatment. Burnt duff engendered the highest germination and survival rates, significantly different from both T. granulosa and mineral soil. Under the drought treatment, no seedlings survived on any substrates. In the field, T. granulosa cover had a positive relationship with mineral soil cover, and negative relationships with duff cover, ericaceous shrub cover, organic layer depth, other lichen cover, and Sphagnum moss cover. The development of crustose lichen mats (here T. granulosa) in fire-initiated stands is facilitated by open and dry conditions. Extensive lichen cover has the potential to hinder ongoing recruitment of conifer species due to its poor seedbed quality, thereby contributing to the maintenance open forests.
